The structure of turbulence in a rapid tidal flow is characterized through new observations of fundamental statistical properties at a site in the UK which has a simple geometry and sedate surface wave action. The mean flow at the Sound of Islay exceeded 2.5 m s −1 and the turbulent boundary layer occupied the majority of the water column, with an approximately logarithmic mean velocity profile identifiable close to the seabed. The anisotropic ratios, spectral scales and higher-order statistics of the turbulence generally agree well with values reported for two-dimensional open channels in the laboratory and other tidal channels, therefore providing further support for the application of universal models. The results of the study can assist in developing numerical models of turbulence in rapid tidal flows such as those proposed for tidal energy generation.
Introduction
In comparison with the atmospheric boundary layer, there remains a lack of measurements of turbulence properties reported for highly energetic tidal flows (i.e. Reynolds numbers Re = UD/ν O(1 × 10 8 ), where U is the mean velocity, D is the channel depth and ν is the kinematic viscosity) such as those targeted for tidal energy generation [1] . Properties which inform the turbulence structure and scales such as the anisotropic ratios, Reynolds stresses, total turbulent kinematic energy and spectra are important to quantify due to their use in turbulence closure models and for assessing the turbulent loading of tidal energy generation systems [2] . 
Material and methods (a) Study site
The observations were made in the central section of the Sound of Islay, which is a tidal channel approximately 30 km in length flowing nearly north to south between the Isles of Islay and Jura in the Inner Hebrides of Scotland, UK. The measurements were obtained at the grid reference N 55 50.432', W 006 05.900' where the width is approximately 800 m and the depth 55 m as shown in figure 1. The measurement site corresponds approximately with the location of a proposed tidal turbine array. The flow is well mixed and the site is characterized by a seabed that descends steeply from the shore and comprises boulders, rock and gravel, with little fine sediment. The landmasses of both islands protect the site from significant wind-induced wave action.
(b) Analysis techniques
The data were acquired using a set-up comprising both an ADCP and an ADV which were positioned within close proximity on a steel frame that was deployed on the seabed, as shown in figure 2. As detailed by Milne [1] , the TRDI 1.2 Mhz Workhorse ADCP was configured to continuously record the velocities in a direction aligned with the beams of the sensors. The four diverging beams were inclined at an angle of θ = 20 • from the vertical and were arranged in a Janus configuration (i.e. at 90 • azimuths about the vertical (z)-axis). The measurements were acquired at a sampling frequency of 2 Hz and at 1 m vertical intervals to the surface, with the lowest recording at an elevation of z = 4 m above the seabed. The ACDP data were used to inform the distributions of the mean velocities and turbulent properties such as the Reynolds stresses, turbulent production and dissipation, and the mixing length. The Reynolds stresses (considered hereafter in terms of the velocity covariances) were estimated from the ADCP measurements by employing the variance technique [18] , in which is the variance of the fluctuating velocity measured along the direction of the ith beam. This approach inherently assumes that the second-order moments are statistically homogeneous across the lateral separation of the beams and the sensor tilt is small. For the present study, the relatively small (i.e. less than 5 • ) tilt angles of the sensor were considered to result in an error of approximately 10% in the stresses [1] . The comparisons between the independent ADV and ADCP estimates of the Reynolds stress, which are shown later, demonstrate that this error does not significantly affect the results or the conclusions of the study. Furthermore, given that the mixing length is proportional to σ 2 uw , the error in these estimates was considered to be only approximately 5%.
The rate of turbulence dissipation, ε, was estimated from the ADCP beam velocity measurements using the structure function method. The approach entails calculating the mean square of the velocity fluctuation difference between two points separated by a distance r through the expression [19] D A Nortek Vector ADV was used to measure all three fluctuating velocities at a fixed point at an elevation of 5 m above the seabed. The ADV was mounted in an upright configuration at the top of a steel mast which was affixed to the base frame. The ADV sampled the velocities at a frequency of 4 Hz continuously over the duration of the experiment. The vector measurements were acquired in the beamwise coordinate system aligned with the transducers of the sensors and were then transformed to obtain the Cartesian velocities u (streamwise), v (transverse) and w (vertical). This transformation process corrected for sensor tilt and aligned the streamwise velocities with the mean velocity direction for each sample. The velocities measured by the ADV were subsequently used to directly quantify the standard deviations of velocity, the Reynolds stress, total turbulent kinetic energy, spectra and the higher-order statistical moments above the seabed. Further details on the processing of the ADCP and ADV measurements as well as the quality control measures that were employed are provided by Milne [1] .
Results (a) Mean velocity and turbulence through the water column
Here, we focus on observations during the spring tide in November 2009, in which mean tidal velocities exceeding 2.5 m s −1 were observed at the Sound of Islay. These data were a subset of a larger 29 day acquisition period. As reported by Milne [1] , during the spring tide the directionality of the flow was near uniform through the water column and the surface waves were small with heights generally less than 1 m. The water level variation was also relatively small at approximately 1 m. The strong currents arise due to the difference in the tidal phase around the islands and are influenced to a comparatively small degree by the tidal range.
The evolution of the boundary layer over the spring tide is demonstrated through the hourly mean velocity profiles shown in figure 3 . The boundary layer developed rapidly from slack flow and the thickness (considered to correspond to the elevation where U = 99% of the maximum velocity) was at least 50 m during the peak flood flow and was a maximum of approximately 40 m during the ebb. The profiles have also been plotted with a logarithmic ordinate, which demonstrates that the mean velocity variation took an approximately logarithmic form for elevations up to approximately 10 m above the seabed (i.e. z/h 0.2). Estimates of the friction velocity from fitting the profiles to a law of the wall model were, however, not able to be computed with sufficient confidence due to the limited data points and measurements not extending to lower elevations.
In general, there were no indications in the profiles that strong secondary subsurface currents were present. The profiles reveal asymmetries between the acceleration and deceleration of the flood and ebb tides. In particular, the boundary layer thickness was greater during periods of deceleration than during acceleration of the tidal flow, which suggests that, once generated, the large eddies persisted after the maximum flow. However, at maximum ebb flow (profile 10) the thickness appears to have reduced considerably to approximately 25 m, implying that the boundary layer thickness was, however, relatively dynamic over the tidal cycle.
Profiles of the Reynolds stresses corresponding to the equivalent periods of the tidal cycle as the mean velocity profiles are also shown in figure 3 . The largest stresses were observed near the bed and at around peak tidal flow. The stresses tended to very small values near the top of the water column for the peak flood. For ebb flow, the stresses were approximately zero at around z = 40 m, with the exception of profile 10, where they tended towards zero at z = 25 m. Together, these results are consistent with the thickness of the boundary layer observed during the tidal cycle. During the ebb, the variation in the stress was approximately inversely proportional to the elevation. This relationship was somewhat poorer for the flood profiles, where regions approximately 10 m in height were observed where the stresses deviated significantly from the inversely proportional form.
The variations in the mean shear S = dU/dz, turbulent energy shear production P = −σ uw S, rate of dissipation ε and the mixing length l m = (−σ uw ) (b) Turbulence structure above the seabed Figure 5 shows the time histories of the 5 min mean velocity and the corresponding records of the Reynolds stress, the standard deviations of the fluctuating velocities and the total turbulent kinetic energy (q 2 = 0.5(σ 2 u + σ 2 v + σ 2 w )) at an elevation of 5 m above the seabed during the floodebb tidal cycle. Estimates of the mean velocity and Reynolds stress from both the ADV and ADCP are presented for comparison. The magnitudes of all these statistics varied approximately in phase with the mean tidal flow and exhibited short-term fluctuations of less than 15 min. These events generally corresponded to variations in the mean velocity and were likely to be associated with the unsteady nature of the mean tidal velocity and the boundary layer, as opposed to turbulent structures. The anisotropic ratios derived from these results are also shown in figure 5 and serve to elucidate the turbulence structure. These ratios tended to near-constant values of σ v /σ u = 0.75 and σ w /σ u = 0.55 during non-slack periods of the tidal flow. We have also plotted the ratio −σ uw /q 2 and the correlation coefficient −σ uw /σ u σ w . These latter ratios also tended to approximately constant values, implying that the Reynolds stress and the intensities were closely related.
Velocity spectra and co-spectra at an elevation of 5 m are shown in figure 6 as a function of the non-dimensional wavenumber k * = 2π fz/U (where f is the frequency in Hz) in order to facilitate testing of the similarity scaling law. These spectra were obtained from 30 samples around peak flood flow of a single tidal cycle which were each linearly detrended and normalized by the variance and then averaged and smoothed at high wavenumbers for clarity. Similar results were also found for peak ebb flow conditions. The spectra show that the streamwise energy encompassed a relatively broad range of spectral scales, with a peak centred approximately k * ≈ 0.4 during both the flood and ebb. By contrast, the spectral energy band of the lateral and vertical motion was comparatively more restricted with peaks corresponding to higher wavenumbers of approximately k * = 2 and 4, respectively. At higher wavenumbers, the velocity spectra appear to tend towards a k * −2/3 proportionality, while the co-spectra tend towards k * −4/3 , both of which are suggestive of isotropic-like behaviour. For the streamwise spectra, this proportionality occurs at k * > 2, while the vertical motion appears to correspond to higher wavenumbers of approximately k * > 8. The higher-order statistical moments, the skewness (S ij ) and kurtosis (K ij ) provide additional insights into the underlying nature of the Reynolds stress. Time histories of these statistics for the Reynolds stress over the flood-ebb tidal cycle are presented in figure 7 and are compared with the results for the streamwise and vertical velocities. The histories indicate that, while the behaviour of u and w was approximately normal, the Reynolds stresses were skewed and highly kurtosed. We have also presented the intermittency factor γ , which may be used to identify departures from normal behaviour. The intermittency factor has previously been used as an indicator of the proportion of the time in a total record length for which the Reynolds stress is effectively switched on [7] . The factor is related to the kurtosis by K uw = 3/γ and its value is shown to have generally varied between 0.25 and 0.33 at Islay.
The contributions from various events to the instantaneous Reynolds stress were investigated using conditional-sampling quadrant theory. The theory has been applied extensively in the literature to study coherent structures in boundary layers. 
Discussion
The new measurements at the Sound of Islay provide a valuable addition to the limited reported data for rapid tidal flows and a new opportunity to examine the applicability of empirical models of turbulence. The observation that the boundary layer at the Sound of Islay occupied the majority of the water column is consistent with reports from other tidal flows such as the Cordova Channel, Canada [21] . Together with a logarithmic distribution in the mean velocity at elevations of z/h < 0.2 and the approximately inversely proportional relationship observed between the Reynolds stress and elevation, it suggests that the turbulence was primarily mechanical and consistent with a two-dimensional open-channel flow [4] . However, while this aligns with findings at other sites such as Three Mile Slough, USA [3] , it is important to note that they are likely to be somewhat reflective of the topography and simple nature of the site and may not be applicable to all rapid tidal flows. The Reynolds stress profiles reported by Osalusi et al. [13] at the Fall of Warness, which is more exposed to strong winds for instance, were less linear, particularly in the upper water column. As estimates of the diffusion of pressure and turbulent energy were not able to be obtained from the experimental set-up, the complete dynamical balance was unable to be tested. However, if these terms are assumed to be relatively small, then the finding that the production was of the same order of magnitude as the dissipation does qualitatively support the notion of an [4] . The mixing length estimates are also in reasonably good agreement with values for two-dimensional open channels where they have been found to tend to a value of l m ≈ 0.13D = 7.5 m in the upper water column (i.e. z/D 0.6) [4] . However, the observed values of the mixing length scale underestimate those predicted for a constant stress region (i.e. where l m ≈ κz) by approximately 25%. This comparison is particularly useful as it demonstrates the applicability of this length scale as a method of turbulence closure for rapid tidal flows in channels of simple geometry.
The measurements of the anisotropic ratios provide a quantification of the turbulence structure at an elevation of z/h. The observed values agree favourably with the two-dimensional steady flow laboratory results of σ v /σ u = 0.71, σ w /σ u = 0.55, −σ uw /q 2 = 0.10 and −σ uw /σ u σ w = 0.40 [4] . This supports the notion that the ratios are not significantly dependent on the Reynolds number, which was postulated by Nezu & Nakagawa [4] . Comparisons with the atmospheric observations of σ v /σ u = 0.80 and σ w /σ u = 0.68 reported by Busch [22] suggest that the anisotropy is more pronounced in a tidal channel than in the atmospheric boundary layer. The close relationship identified between the turbulent kinetic energy and the Reynolds stress provides further support for the use of the ratio −σ uw /q 2 as a simple turbulence closure model, as proposed by Bradshaw et al. [23] under well-mixed conditions. The observed value of the ratio is consistent with the result −σ uw /q 2 = 0.14, which was reported at an elevation of z/h = 0.06 during peak flow at the Puget Sound [24] . It is slightly smaller than the value of 0.15 assumed by Bradshaw et al. [23] , but the latter is deemed to be more applicable to greater elevations from the bed and within the intermediate flow region.
The finding that the spectral peak of the streamwise velocity corresponds to a length scale similar to the depth of the channel is consistent with the observations in the Puget Sound [15] and implies that the most energetic scales were not governed directly by the presence of the boundary but rather the channel depth. Furthermore, the finding that the dominant vertical eddies have a length scale around z is in line with the work of Townsend [25] and the notion that their size is significantly constrained by the seabed. The observation of a co-spectral peak at k * = 1 also implies there were significant contributions to the flux from wavelengths greater than the distance to the bed, which may be due to flattened out eddies [9] . The inception of an integral subrange in the vertical motion at non-dimensional wavenumbers of approximately k * = 6 is similar to that reported at the sites investigated in [7, 8, 26] (k * > 5) and [11] . Together, the observations at Islay therefore provide further support for the dominant vertical motion and momentum flux energy near the bed of a marine boundary layer being able to be described by the similarity law.
It is also of interest to examine the validity of model spectra which have been previously used to numerically simulate marine turbulence and have been tested for slower tidal flows. Figure 9 shows a comparison of the observed spectra from the ADV point measurements and the von Kármán [27] and Kaimal [28] spectral forms at an elevation of z = 5 m above the seabed. The von Kármán spectra were developed on the assumption that the turbulence is homogeneous and isotropic, with the streamwise and vertical spectra expressed, respectively, as
and
With the use of the values of the streamwise and vertical integral length scales of L x = 11 m and L w = 2 m reported by Milne [1] at z = 5 m, the model provides a reasonable description of the streamwise spectra but the agreement in the vertical velocity spectra is poorer with the dominant vertical spectra having been shifted towards lower wavenumbers. The empirical Kaimal model was devised using Monin-Obukhov similarity theory and measurements within an atmospheric turbulent boundary layer over flat, uniform terrain. and 5) where the values of u 2 * were assumed to be equal to the Reynolds stress obtained directly from the ADV measurements. The Kaimal model overpredicts the energy content at the lowest wavenumbers of the streamwise and co-spectra, but the agreement is much more favourable for the vertical velocity spectrum. These findings are consistent with the studies by Lien & Sanford [11] and Walter et al. [12] and reinforces the notion that the vertical eddies are much more affected by the presence of the seabed and that the similarity scaling is appropriate for their description.
Finally, the observed values of the skewness and kurtosis of the Reynolds stresses have been compared with theoretical values which were presented as a function of the correlation coefficient σ uw /σ u σ w [29] . For values of the correlation coefficient of between 0 and −1, the skewness is predicted to vary between 0 and −2.82 and the kurtosis between 9 and 15. These results are therefore in close agreement with the observations at Islay. The intermittency factor values of between 0.25 and 0.33 observed at Islay are also in good agreement with those reported for the Irish Sea and Menai Strait, UK [7] , as well as those measured in the laboratory [4] . The results of the quadrant analyses are particularly interesting in that they coincide well with the values derived by Nezu & Nakagawa [4] for the ejection and sweep contributions of RS 2 = 0.77 ± 0.029, RS 4 = 0.57 ± 0.029, which were based on equilibrium conditions. The finding that only ejectionlike events contribute for H = 4.5 and larger is also consistent with that of Lu & Willmarth [20] . Together, these results provide further support for the notion that the turbulence characteristics in rapid tidal flows may be informed from both laboratory results and observations in tidal channels.
Conclusion
The observations presented within this study have provided an opportunity to draw further insights into the fundamental characteristics of the turbulence in a rapid tidal flow. The vertical profiles of the mean flow and turbulence at the Sound of Islay were found to exhibit characteristics that were qualitatively consistent with the form expected for a two-dimensional open-channel flow. In particular, near the bed the production of turbulence exceeded the rate of dissipation and the mean velocity profile conformed reasonably well with a logarithmic variation. The Reynolds stresses also decreased approximately linearly with elevation from the bed. Further from the bed, a region where the production and rate of dissipation were of similar magnitude was also found, consistent with equilibrium conditions. While instances of exceptions to these forms were observed, in general the results reinforce that the site was suitable for testing universal models which describe the turbulent structure in the water column.
The observations have provided further support for the applicability of steady, twodimensional open-channel flow results to describe the turbulence anisotropy, and scales in fast-flowing, well-mixed tidal channels with weak wave action. In particular, there is a close relationship between the instantaneous Reynolds stress and turbulent kinetic energy, which therefore provides support for the use of simple turbulence closure models. While no flow visualization was available, the higher-order velocity statistics demonstrate that the Reynolds stress at z/h = 0.1 is highly intermittent. The good agreement of the quadrant analyses with laboratory results also suggests that the intermittency in the boundary layer in simple rapid flows such as at Islay are likely to be due to a well-defined process of sweeping and ejection of horseshoe-like vortices in the boundary layer. Competing interests. We declare we have no competing interests. Funding. The support of the Bright Futures Top Achiever Doctoral Scholarship is acknowledged.
